Introduction {#S0001}
============

Hepatocellular carcinoma (HCC) is the fifth most common cancer and the second most frequent cause of cancer-related death worldwide.[@CIT0001] Previous studies have suggested that the differentiation of HCC could affect the recurrence rate and disease-free survival after resection or liver transplant, and a higher pathological grade is associated with worse prognosis.[@CIT0002],[@CIT0003] Thus, an accurate pathological grading method for HCC could help guide the selection of a treatment strategy, which can be implemented to improve the treatment effects as well as to prolong patient survival.[@CIT0004] In clinical practice, the pathological grade is routinely determined after resection. Although puncture biopsy can help to diagnosis, unfortunately, this method is invasive and limited in HCC pathological grading. Because some components with different histological grades are often included in an HCC nodule, a noninvasive method that can preoperatively reflect the overall tissue condition of the tumor is needed.[@CIT0005]

Computed tomography (CT) and magnetic resonance imaging (MRI) are the most commonly used non-invasive evaluation tools in the diagnosis and treatment of HCC and can provide useful pathological information.[@CIT0006]--[@CIT0008] Some studies have already reported evaluating tumor histological grade using diffusion-weighted imaging (DWI), but this functional MR imaging technique only reveals the Gaussian water diffusivity.[@CIT0009],[@CIT0010] The recently developed diffusion kurtosis imaging (DKI) technique is based on the localized in vivo non-Gaussian diffusion of water molecules resulting from the structural and morphological complexity of the tissues (e.g., the intrinsic biochemical properties of different types of cells and tissues), which was first proposed by Jensen in 2005.[@CIT0011],[@CIT0012] Compared to normal diffusion in the tissue, non-Gaussian diffusion has higher peak values. DKI can quantify the actual diffusion of water molecules and the degree of displacement from an ideal Gaussian distribution. In other words, DKI is mainly employed to detect the properties of non-Gaussian water molecules diffusion in tissues, and the results reflect the microstructural complexity of the tissue.[@CIT0009],[@CIT0013],[@CIT0014] The most representative parameter of DKI is mean kurtosis (MK), which is considered an indicator of the complexity of the tissue microstructure; MK is a dimensionless parameter that reflects the restriction of the degree of diffusion. The intensity of MK depends on the complexity of the tissue structure with significantly more restricted non-Gaussian diffusion in tumors. Mean diffusion diffusivity (MD) represents the non-Gaussian distribution corrected by the average apparent diffusion coefficient (ADC); this value reflects only the diffusion of water molecules. Currently, DKI has been used in the evaluation of many diseases, such as kidney and prostate malignancies,[@CIT0015]--[@CIT0017] and has shown a better performance for characterizing and grading tumors than conventional DWI.[@CIT0018] Additionally, DKI typically can accurately describe the diffusion information and reflect the microstructure of the tissue.[@CIT0019] However, there have been few studies on the application of DKI in the pathological grading of HCC, and the results were variable and inconsistent.[@CIT0020],[@CIT0021]

In this study, we prospectively investigated the features of the functional parameters derived by conventional DWI and DKI for HCC with different pathological graded and evaluated the diagnostic efficacy of DKI in the pathological grading of HCC.

Methods {#S0002}
=======

Patients {#S0002-S2001}
--------

This study received approval from the Institutional Review Board of Weifang Medical University Affiliated Hospital and complied with the Declaration of Helsinki. Written informed consent was provided by all subjects. From December 2015 to January 2017, consecutive patients suspected of having HCC or focal hepatic lesions based on the clinical history or previously performed sonography or CT were subjected to MRI examinations (including routine plain scans, dynamic enhanced scans, DKI, and DWI sequences) before surgical treatment. The inclusion criteria include: (1) histologically confirmed HCC without prior treatment; (2) surgical resection performed within 14 days after MRI examination; (3) solitary lesion, or ≤5 multiple HCCs; (4) maximal lesion diameter \<10; and (5) history, physical examination, laboratory measurements, imaging data and treatment strategies were recorded in detail. The exclusion criteria include (1) non-HCC confirmed by biopsy or post-surgical pathological results; (2) patients with contraindication for MRI; and old age or patients in severe conditions who could not follow respiratory exercises, which caused artifacts on the images; (3) lesions less than 1 cm in diameter, for which the ROI could not be precisely obtained; (4) \>5multiple HCCs or diffuse HCCs; and (5) patients with active hepatitis upon whom surgery cannot be performed.

All patient' history, physical examinations, and laboratory examinations were recorded before surgery, which include routine blood tests, liver function and alpha fetal protein (AFP) levels, tumor status, Eastern Cooperative Oncology Group Performance Score, Barcelona Clinic Liver Cancer (BCLC) stage and Child--Pugh score.[@CIT0022] AFP levels \>400 µg/L were considered high-concentration positives (the normal value ranged from 0 to 25 µg/L).

MRI Examination {#S0002-S2002}
---------------

### Instruments and Body Position {#S0002-S2002-S3001}

All patients were examined using a 3.0T MR scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) with an 18-channel phased-array body coil. All patients fasted for 6--8 hours prior to the examination, and all received training to perform even breathing and breath-holding.

### Scanning {#S0002-S2002-S3002}

The MRI protocols included transverse fat-suppressed T~2~- weighted imaging (T~2~WI), T~1~- weighted imaging (T~1~WI), a coronal T~2~WI-half-Fourier acquisition single-shot turbo spin-echo (T~2~WI-HASTE) sequence, a transverse DWI sequence, a transverse T~1~ in- and out-of-phase sequence, a transverse T~1~-VIBE sequence, and DKI sequence. The scan range extended from the top of the diaphragm to the lower end of the liver. A single-shot echo-planar DWI pulse sequence was employed to acquire the DKI data. The parameters were as follows: repetition time (TR) = 3300 ms, echo time (TE) = 88 ms, flip angle (FA) = 90°, slice thickness = 5 mm with a slice gap of 1.5 mm, field of view (FOV) = 380×420 mm^2^, matrix size = 168×105, and acquisition time = 5 min. Three b values of 0, 800, and 1500 s/mm^2^ were applied in at least 3 gradient directions.[@CIT0009],[@CIT0023]

### Three-Phase Dynamic-Contrast Enhanced (DCE) MRI of the Liver {#S0002-S2002-S3003}

The contrast agent Gadolinium-diethylene triamine pentaacetic acid (Gd-DTPA) (Omniscan, GE Healthcare) was injected using a high-pressure injector at a flow rate of 3 mL/s and a dosage of 0.2 mmol/kg per weight. A 20-mL saline bolus was injected at the same flow rate immediately after the contrast agent injection. The arterial phase scan started 15 s after the contrast agent injection (15 s is the time needed for the contrast agent to reach the upper abdomen).[@CIT0024] This examination included a transverse liver artery phase, portal venous phase (scan started 55 s after the contrast agent injection), delayed phase T~1~WI (scan started 1 min and 25 s after the contrast agent injection), and coronal and sagittal enhanced T~1~WI.

Image Processing and Analysis {#S0002-S2003}
-----------------------------

All data obtained by DWI and DKI were analyzed using publicly available postprocessing software (DKE, Medical University of South Carolina, Charleston, USA). According to the DKI model,[@CIT0025]--[@CIT0027] S=S~0~·exp(--b·D＋b^2^·D^2^·K/6), where b represents the b-value, D represents the corrected apparent diffusion accounting for non-Gaussian diffusion behavior, and K represents apparent kurtosis coefficient (the deviation of tissue diffusion from a Gaussian distribution).[@CIT0028] The software also calculated the ADC using b-values = 0 and 800 s/mm^2^ based on a monoexponential model: S =S~0~ ·exp (−b·ADC). Based on these calculations, the D, K, and ADC maps were obtained.[@CIT0029],[@CIT0030] ROIs were manually drawn on solid parts of the largest lesions by two independent senior radiologists (Z.G.Y. and Y.L., with more than 10 years of experience in abdominal imaging) who were blinded to the clinical and pathological results. Care was taken to avoid large vessels, bile ducts, necrosis and artifacts. Finally, the MK, MD and ADC values were obtained. The general potential predictive features, including tumor size, number of lesions, signal homogeneity on T~2~WI, tumor margin, radiologic capsule, peripheral enhancement during the arterial phase, satellite nodules, intratumor fat deposition, vascular invasion, and enhancement pattern were also assessed on conventional T~1~-weighted, T~2~-weighted and contrast-enhanced MR images.[@CIT0020],[@CIT0031] When there was a discrepancy between the two reviewers' findings, a joint review was performed, and the consensus was used for the statistical analysis.

Pathological Examination {#S0002-S2004}
------------------------

The surgically removed resected hepatic specimens were fixed with formalin. The tissues were dehydrated following the regular procedure, embedded in paraffin, and sectioned. Hematoxylin and eosin (H&E) and immunohistochemical staining protocols were performed. All pathological specimens were reviewed by a pathologist (with 20 years of experience in liver pathology). The pathological grade of HCC was determined according to the Edmondson-Steiner classification.[@CIT0032] Tumors classified as Edmondson--Steiner grades I and II were included in the low-grade group, and those classified grades III and IV were included in the high-grade group.

Statistical Analysis {#S0002-S2005}
--------------------

Continuous variables are expressed as means ± standard deviations or medians, and categorical variables were presented as frequencies and percentages. The interobserver reproducibility of continuous variables between two independent radiologists was evaluated using the mean difference with 95% limits of agreement (LoA) and Bland--Altman plots.[@CIT0033] If the results between the two readers were consistent, the parameters of one radiologist were used for analysis. One-way ANOVA or the Kruskal--Wallis rank test was used to compare the differences in DKI/DWI parameters and pathological grades. Spearman correlation analysis was implemented to determine the degree of correlation between the corresponding parameters and pathological grade, and each result obtained is expressed as the correlation coefficients (*rho*).[@CIT0033] Univariate and multivariate binary logistic regression analyses were used to identify independent predictors of pathological grades. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated.[@CIT0020] Receiver operating characteristic (ROC) analyses were performed to evaluate the diagnostic performance of significant parameters in predicting high-grade HCC. The optimal cut-off point that demonstrated the greatest Youden index and the corresponding sensitivity, specificity, and positive and negative likelihood ratio was calculated.[@CIT0034] The Bland--Altman test was performed using MedCalc (MedCalc Software, Ostend, Belgium), and the other statistical analyses were performed using SPSS 20.0 statistical software (IBM, New York). *P* \<0.05 was considered statistically significant.

Results {#S0003}
=======

Clinical Characteristics of the Patients {#S0003-S2001}
----------------------------------------

A total of 128 patients who satisfied the inclusion criteria and underwent various examinations were included. Among them, 49 were male, and 79 were female. The average patient age was 56.9±10.9 years (ranging from 32 to 50, median age: 58). A total of 16 patients with no apparent symptoms were found to have with space-occupying lesions during physical exams. A total of 97 patients experienced abdominal distension or discomfort, 11 patients experienced weight loss and jaundice, and 3 patients had abdominal pain and hematemesis. The laboratory examination results were as follows: 83 (64.8%) patients were hepatitis B surface antigen (HBsAg) positive (HBV(+)), 6 were hepatitis C infection positive (HCV(+)), and 39 (30.5%) were negative; 42 patients (32.8%) showed AFP levels ≥400 ng/mL. A total of 100 (78.1%) patients were classified as Child--Pugh grade A. The patient characteristics are summarized in [Table 1](#T0001){ref-type="table"}.Table 1Baseline Clinical Characteristics of the Patients Before Surgery (n=128)CharacteristicsN (%)Age, years56.9±10.9Range32.0--80.0Gender Male79 (61.7%) Female49 (38.3%)Hepatitis Negative39 (30.5%) HBV (+)83 (64.8%) HCV (+)6 (4.7%)ECOG performance status PS 099 (77.3%) PS 121 (16.4%) PS 28 (6.2%)Child--Pugh A100 (78.1%) B28 (21.9%)Serum AFP level \<400 ng/mL86 (67.2%) ≥400 ng/mL42 (32.8%)Number of tumors Solitary116 (90.6%) Multiple12 (9.4%)Size of tumor8.4 (± 3.9) ≤5 cm36(28%)) 5--10 cm51(40%) \>10 cm41(32%)BCLC stage A81 (63.3%) B18 (14.1%) C29 (22.7%)[^1]

Conventional MR Imaging and Pathologic Findings {#S0003-S2002}
-----------------------------------------------

The median interval between MRI and resection was 6 days (ranging from 1 to 14). Among the 128 HCC patients, 12 (9.4%) had multiple lesions, and 116 (90.6%) had solitary lesions. All lesions were in the right lobe of the liver. The maximum tumor diameter was 8.4 ± 3.9 cm (ranging from 3.0 to 18.0 cm). The tumors had low or slightly low T~1~WI signals and higher T~2~WI signals. The signals of larger-volume tumors, necrotic tumors, or cystic tumors were more complicated. In the arterial phase after the injection of Gd-DTPA, weak enhancement was observed in 6 cases, weak-medium enhancement was observed in 10 cases, medium enhancement was seen in 23 cases, and strong enhancement was seen in 89 cases. Homogenous enhancement was observed in 36 cases, while 92 cases showed heterogeneous enhancement ([Figure 1](#F0001){ref-type="fig"}). According to the Edmondson-Steiner classification, 22 (17.2%) cases were stage I, 37 (28.9%) cases were stage II, 43 (33.6%) cases were stage III, and 26 (20.3%) cases were stage IV. A total of 59 cases were classified as the low-grade group (I+II), while 69 were classified as the high-grade group (III+IV). Among the MR imaging features, the number of lesions, signal homogeneity, tumor margin, radiologic capsule, peripheral enhancement, intratumor fat deposition, satellite nodules, and enhancement pattern were not significantly different between the low- and high-grade groups. The tumor size and degree of vascular invasion, however, were significantly greater in the high-grade group than in the low-grade group (*P* = 0.0007 and 0.0021, respectively) ([Table 2](#T0002){ref-type="table"}).Table 2Radiologic Features of Low- and High-Grade HCCsOverall (N=128)Low-Grade (N=59)High-Grade (N=69)*P***Tumor size**7.15±3.719.55±3.800.0007**Signal homogeneity**0.5933 Homogenous22 (17.2)9 (15.3)13 (18.8) Heterogeneous106 (82.8)50 (84.7)56 (81.2)**Tumor margin**0.0540 Irregular37 (28.9)22 (37.3)15 (21.7) Smooth91 (71.1)37 (62.7)54 (78.3)**Radiologic capsule**0.4651 Absent52 (40.6)26 (44.1)26 (37.7) Present76 (59.4)33 (55.9)43 (62.3)**Peripheral enhancement**0.3104 Absent83 (64.8)41 (69.5)42 (60.9) Present45 (35.2)18 (30.5)27 (39.1)**Satellite nodules**0.1400 Absent111 (86.7%)54 (91.5%)57 (82.6%) Present17 (13.3%)5 (8.5%)12 (17.4%)**Fat deposition**0.1809 Absent92 (71.9)39 (66.1)53 (76.8) Present36 (28.1)20 (33.9)16 (23.2)**Vascular invasion**0.0021 Absent84 (65.6%)47 (79.7%)37 (53.6%) Present44 (34.4%)12 (20.3%)32 (46.4%)**Enhancement pattern**0.2404 Typical41 (32.0)22 (37.3)19 (27.5) Typical87 (68.0)37 (62.7)50 (72.5) Figure 1One case of an HCC patient, male, age 52 years, hepatitis B (+). High MRI FS-T2 WI signal (**A**), low T1 WI signal (**B**), apparent enhancement of lesions in the arterial phase (**C**), and reduced enhancement in the venous phase (**D**). Figures (**E**), (**F**), and (**G**) are images based on the parameters ADC, MK, and MD.

Relationship Between DKI and ADC Parameters versus Pathological Grade {#S0003-S2003}
---------------------------------------------------------------------

The ADC, MK, and MD values obtained from postprocessed DKI-DWI sequences were subjected to statistical analysis referencing the different pathological grades of HCC patients. The mean absolute differences in ADC, MK, and MD values between the two radiologists were 0.015 ×10^−3^ mm^2^/s (LOA −0.302--0.271), 0.004 (LOA −0.332--0.323), and 0.008 mm^2^/s (LOA −0.246--0.230), respectively ([Figure 2](#F0002){ref-type="fig"}). The reproducibility of all ADC and DKI parameters was better than that of DWI parameter, all of which are displayed in [Table 3](#T0003){ref-type="table"}. Significant differences were observed in ADC, MK, and MD values among pathological grades I, II, III, and IV (*P*\<0.001). The MK values for stages I, II, III, and IV were 0.86±0.13, 1.06±0.11, 1.27±0.17, and 1.57±0.13, respectively. As the decrease in pathological grade decreased, the MK value significantly increased, whereas the MD value obtained by DKI and ADC value obtained by traditional DWI significantly decreased as the pathological grade increased ([Table 4](#T0004){ref-type="table"}). The MK values were significantly higher in the high-grade group than in the low-grade group and were positively correlated with pathological grade (rho =0.7417, *P*\<0.001). The ADC and MD values were all negatively correlated with pathological grade (rho = --0.5436, rho = --0.2806, *P*\<0.001, respectively) ([Table 3](#T0003){ref-type="table"}). The violin plots of the ADC, MK and MD values versus HCC pathological grade are shown in [Figure 3](#F0003){ref-type="fig"}.Table 3Correlations Between DKI/DWI Parameters and HCC Pathological Grades Evaluated by Each RadiologistParametersRadiologist 1Radiologist 2Low-GradeHigh-Grade*Prho*Low-GradeHigh-Grade*Prho*ADC (×10^--3^ mm^2^/s)1.35±0.251.10±0.14\<0.001−0.5436\*\*1.34±0.251.14±0.16\<0.001−0.4392\*\*MK0.99±0.151.38±0.22\<0.0010.7417\*\*0.97±0.141.40±0.20\<0.0010.7905\*\*MD (×10^--3^ mm^2^/s)0.95±0.240.81±0.220.001−0.2806\*\*0.96±0.240.82±0.230.0009−0.278\*\*[^2] Table 4Parameters of DKI and DWI in Different HCC Pathological GradesParametersGrade IGrade IIGrade IIIGrade IV*Prho*ADC(×10^--3^ mm^2^/s)1.46±0.311.28±0.181.13±0.121.05±0.14\<0.001−0.5727\*\*MK0.86±0.131.06±0.111.27±0.171.57±0.13\<0.0010.8499\*\*MD(×10^--3^ mm^2^/s)1.07±0.250.87±0.200.91±0.190.66±0.15\<0.001−0.4732\*\*[^3] Figure 2Bland--Altman plots showing the reproducibility of ADC MK and MD values between the two observers. (**A**) The mean difference in ADC values between the two radiologists was 0.015 ×10^−3^ mm^2^/s (LOA −0.302--0.271), the mean difference in MK values was 0.004 (LOA −0.332--0.323) (**B**), and the mean difference in MD values was 0.008 mm^2^/s (LOA −0.246--0.230) (**C**). The blue line represented the mean difference between two observers, red lines represented the 95% confidence interval of the mean difference (limits of agreement, LOAs).Figure 3The Violin plots of the ADC, MK and MD values classified by HCC pathological grade. Significant differences were observed in ADC (**A**), MK (**B**) and MD (**C**) values among different pathological grades I, II, III, and IV. The differences in ADC (**D**), MK (**E**) and MD (**F**) values between low- and high-grade HCC were also statistically significant (\*\**P*\<0.001; \**P*\<0.05).

In discriminating low-/high-grade HCCs, MK demonstrated a larger area under the curve (AUC), with a value of 0.93 (95% CI, 0.870--0.967), than ADC, which had an AUC of 0.815 (95% CI, 0.737--0.878, *P*\<0.001), or MD, which had an AUC of 0.662 (95% CI, 0.574--0.744, *P*=0.01). The optimal MK cutoff value was 1.19 and the sensitivity, specificity, and Youden index of MK in predicting high-grade HCC were 78.26%, 94.92% and 0.73, respectively ([Table 5](#T0005){ref-type="table"}). The optimal MD and ADC cutoff values were 0.70×10^--3^ mm^2^/s and 1.29×10^--3^ mm^2^/s, respectively ([Figure 4](#F0004){ref-type="fig"}).Table 5Diagnostic Efficacy of DKI Evaluated by Receiver Operating Characteristic AnalysisCut-OffSensitivity95% CISpecificity95% CIYoudenAUC95% CIADC≤1.2994.2%85.8--98.457.63%44.1--70.40.520.8150.737--0.878MK\>1.1978.26%66.7--87.394.92%85.9--98.90.730.930.870--0.967MD≤0.7039.13%27.6--51.689.83%79.2--96.20.290.6620.574--0.744[^4] Figure 4Receiver operating characteristic (ROC) curves of ADC, MK and MD values for discriminating low-/high-grade HCC. (**A**) The area under the curve (AUC) of the ADC value was 0.662 (95% CI, 0.574--0.744), with an optimal cutoff value of 1.29×10^--3^ mm^2^/s; (**B**) the AUC of the MK values was 0.93 (95% CI, 0.870--0.967), with an optimal cutoff value of 1.19; (**C**) the AUC of the MD values was 0.815 (95% CI, 0.737--0.878), with an optimal cutoff value of 0.70×10^--3^ mm^2^/s; (**D**) the AUCs of the MK, MD and ADC values were statistically significant from one another (*P*\<0.001).

Predictors for the Pathological Grade of HCC {#S0003-S2004}
--------------------------------------------

Hepatitis B virus (+), serum AFP level, tumor number, tumor size, BCLC stage B/C, ADC (≤1.29×10^--3^ mm^2^/s), MK (\>1.19 ×10^--3^ mm^2^/s) and MD (≤0.70×10^--3^ mm^2^/s) were identified as independent predictors of high grade of HCCs in univariate logistic analysis ([Table 6](#T0006){ref-type="table"}). In multivariate analysis, only the MK value (\>1.19 ×10^--3^ mm^2^/s) \[OR: 0.015 (95% CI, 0.001--0.174), P=0.001\], ADC value (≤1.29×10^--3^ mm^2^/s) \[OR: 0.007 (95% CI, 0.001--0.066), \<0.001\] and HBV (+) \[OR: 0.089 (95% CI, 0.017--0.477), P=0.005\] were identified as independent predictors for pathological grading of HCCs.Table 6Univariate and Multivariate Analysis of Predictors of HCC Pathological GradeFactorsUnivariate AnalysisMultivariate AnalysisOR(95% CI)*P*OR(95% CI)*P*Age (y)1.101(0.969--1.033)0.959Gender0.707(0.344--1.454)0.346HBV(+)0.096(0.040--0.230)\<0.001\*\*0.089(0.017--0.477)0.005\*ECOG0.179 PS 0 PS 10.327(0.063--1.698)0.183 PS 20.667(0.106--4.196)0.666Child--Pugh A-B0.578(0.243--1.376)0.215AFP level1.032(1.017--1.046)\<0.001\*\*Tumor number0.207(0.043--0.986)0.048\*Tumor size1.185(1.072--1.310)0.001\*BCLC stage0.007\* A B4.600(1.392--15.196)0.012\* C2.921(1.186--7.192)0.020\*Vascular invasion0.295(0.134--0.651)0.03\*ADC values0.045(0.015--0.141)\<0.001\*\*0.015(0.001--0.174)0.001\*\*MK values0.020(0.006--0.065)\<0.001\*\*0.007(0.001--0.066)\<0.001\*\*MD values0.176(0.067--0.466)\<0.001\*\*[^5]

Discussion {#S0004}
==========

We evaluated the application of DKI in the pathological grading of HCCs in this study. DKI acquisition and analysis were successfully performed for all patients. Rosenkrantz et al exploited the ADC and DKI parameters for a preliminary study on fresh liver explants in patients with hepatocellular carcinoma and demonstrated that the ADC, MD, and MK values were useful for the determination of liver partial necrosis, complete necrosis, and response to treatment.[@CIT0029] Other studies identified MK and MD values for staging hepatic fibrosis.[@CIT0035],[@CIT0036] In this study, the MK and MD values obtained by DKI were significantly correlated with the pathological grade of HCC. We also found that the general features, including tumor size and vascular invasion, were significantly greater in the high-grade group than in the low-grade group, and were significantly related to high-grade HCCs by univariate analysis; however, only the MK value (\>1.19 ×10^--3^ mm^2^/s), ADC value (≤1.29×10^--3^ mm^2^/s) and HBV (+) were identified as independent predictors for pathological grading of HCCs in multivariate analyses. The results in other studies differed to varying degrees,[@CIT0020],[@CIT0031],[@CIT0037] which may be caused by bias in selecting patients or surgical candidates among different studies.

The MK values showed a statistical difference from the MD and ADC values in predicting the histological grade of HCCs, which was similar to previous studies.[@CIT0020],[@CIT0021],[@CIT0038] The kurtosis of tissues based on a non-Gaussian distribution was influenced by the higher tissue complexity and heterogeneity. Because vigorous cell proliferation, a more tortuous extracellular space, inflammation, necrosis and hemorrhage are more common in high-grade HCCs, a more peaked distribution of tissue diffusivities is likely to occur.[@CIT0020],[@CIT0021] Kurtosis also partially represents the interaction of water molecules with cell membranes and intracellular compounds.[@CIT0010],[@CIT0020] The irregular distribution of tumor cells and heterogeneous extracellular medium results in a marked hindrance of water motion and interactions with the cell membranes.[@CIT0039] Therefore, the MK values increased as the HCC pathological grade increased from stage I to IV, and a good correlation was shown between MK and pathological grade (*rho*=0.8499). Thus, the MK value, as the most significant parameter, allows for the preliminary preoperation pathological grading for HCC patients.

The MD value obtained from DKI was similar to the ADC value obtained from DWI. These parameters depend mainly on the diffusion of water molecules in tissue, which is restricted when pathological changes lead to high cell density and a narrow extracellular space. In HCC tissue, the cells were more tightly aligned, the volume of the cell nucleus was increased, and the intercellular cavity space decreased the exuberant cell proliferation. This resulted in the restricted diffusion of water molecules, which presented as decreased ADC and MD values. Therefore, the MD and ADC values decreased as the HCC pathological grade increased, and negatively correlated with the pathological grade in our study. This means that the degree of restriction on diffusion for HCC with low-differentiated (stages III and IV) was more obvious than that for HCC with medium-to-high differentiation (stages I and II), and the MD values for HCC with low differentiation were lower than those for HCC with medium-to-high-differentiation.

However, the correlation between the MD value and HCC pathology (rho= −0.4732) was worse than that between the ADC value and HCC pathology (rho= −0.5727) in our study. This discrepancy is likely to be attributed to the selection of b-values. The regular DWI sequence only requires two b values to generate an ADC map. With the high b-values in our study, the ADC value influenced by microcapillary perfusion might be reduced, and can truly reflect water diffusion, but requires an obviously prolonged scan time and has a reduced signal-to-noise ratio. On the other hand, with a lower b value, the ADC values can be influenced by blood perfusion.[@CIT0040] Most studies have considered that the appropriate b value should be 400--800 s/mm^2^ for hepatic DWI imaging.[@CIT0034],[@CIT0041] In our study, two b values were selected for traditional DWI: 0 and 800 s/mm^2^. However, DKI sequences require multi-b values and a high b value is needed for non-Gaussian computational model fitting and to obtain parameters such as Kapp. Studies on the applications of the DKI technique have mostly exploited parameters such as MD and MK calculated using high b values. In studies of brain DKI, the maximum b value should be 2000--3000 s/mm2.[@CIT0042],[@CIT0043] However, in the applications of DKI for abdominal examinations, excessively high b values for imaging should be avoided.[@CIT0028] As the b values increase, the requirements for the scanning instrument become higher, the scan time becomes longer, and the signal intensity and the T~2~WI signal decreases more rapidly, which severely affects the signal-to-noise ratio of the images and impedes the postprocessing. Therefore, it is unnecessary to apply excessively high b values. Moreover, at smaller b values, the signals gained from the non-Gaussian diffusion model are weaker, and the slope deviation from the Gaussian distribution cannot be detected. Thus, an appropriate b value is needed. According to recent studies on the application of DKI in abdominal examinations,[@CIT0019],[@CIT0038],[@CIT0044],[@CIT0045] non-Gaussian models perform better when the maximum b value is in the 1500--2000 s/mm^2^ range. In our study, we selected three b values for DKI: 0, 800, and 1500 s/mm^2^. Jensen et al reported that the MK and MD values can be acquired using at least 3 gradient directions when performing DKI of the abdomen.[@CIT0046] Budjan et al considered that the assessment of conventional ADC values leads to similar results when using b-values below 1000 s/mm^2^ for the MD analysis. This might explain the lack of association between MD and ADC values and HCC pathological grade in this study.

There were several limitations in our study. First, the sample size was relatively small for multivariate analysis. However, these results were consistent with the results of other studies, and the sample size was larger than these similar studies.[@CIT0020],[@CIT0034] Second, the DKI technical parameters, especially b values setting, are crucial for accurate quantitation of tissue diffusion. However, no standardized protocol regarding the proper b values and settings of some other imaging parameters has been established so far, and the results vary greatly among different studies. When applying DKI to abdominal examinations, the b value is typically 1800 or 2000 s/mm^2^. However, we selected three b values for DKI: 0, 800, and 1500 s/mm^2^ to balance the image quality and accuracy of the parameters. Third, artifacts caused by breathing, bowel movements, and other factors such as uneven coil for the abdomen can cause reductions in image quality and the signal-to-noise ratio. Additionally, HCCs typically develop from liver cirrhosis. At the late stage of liver cirrhosis, portal hypertension and ascites are observed, which can lead to severe artifacts on DKI images. These artifacts can seriously influence the measurement of the parameters during image post-processing. A reduction in echo time using respiratory-triggered and artifact removal techniques could be achieved to remove artifacts and improve image quality in the future. Therefore, the applicability of DKI parameters in HCC pathological grading should be further confirmed.

Conclusion {#S0005}
==========

The MK values obtained from DKI, combination with the ADC value obtained from traditional DWI, more valuable for predicting the histological grade of HCCs than the MD values. The DKI technique is potentially applicable in the preoperation evaluation of HCC grade and can provide an excellent reference for guiding the clinical treatment of HCC patients.
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